Abstract-The severe bandwidth shortage in conventional microwave bands has spurred the exploration of the millimeter wave (MMW) spectrum for the next revolution in wireless communications. However, there is still lack of proper channel modeling for the MMW wireless propagation, especially in the case of outdoor environments. In this paper, we develop a geometry-based stochastic channel model to statistically characterize the effect of all the first-order reflection paths between the transmitter and receiver. These first-order reflections are generated by the single-bounce of signals reflected from the walls of randomly distributed buildings. Based on this geometric model, a closed-form expression for the power delay profile (PDP) contributed by all the first-order reflection paths is obtained and then used to evaluate their impact on the MMW outdoor propagation characteristics. Numerical results are provided to validate the accuracy of the proposed model under various channel parameter settings. The findings in this paper provide a promising step towards more complex and practical MMW propagation channel modeling.
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I. INTRODUCTION
T HE tremendous growth of wireless services on handheld devices, such as high-definition video streaming, online gaming and cloud computing, has led to an explosive demand for mobile data [1] . Nowadays, wireless service providers are struggling to deliver high-quality wireless networks by utilizing sophisticated modulation schemes and signal processing technologies in a quest for a higher data rate. However, achieving a transmission rate up to the order of Gigabits/second (Gbps) or even higher is quite challenging due to the limited bandwidth available at microwave frequencies. Therefore, more bandwidth is required to alleviate the global bandwidth shortage. Recently, researchers have moved their attention to the underutilized millimeter wave (MMW) signals [2] - [8] ranging from 30 GHz to 300 GHz, as these bands provide much wider spectrum resources than their microwave counterparts. Although MMW bands potentially offer numerous significant performance improvements in wireless networks, including extremely high speed and low latency services, they still face many technical challenges related to the unique propagation characteristics of MMW bands. For example, MMW signals encounter severe path losses, high atmospheric and rain attenuation, making the deployment of MMW systems very challenging, especially for outdoor communications [3] , [9] , [10] . In addition, MMW signals cannot penetrate most solid materials such as buildings, resulting in the isolation of outdoor base stations from indoor users [11] . Furthermore, sharp shadow zones occur due to the significantly larger sizes of buildings relative to the signal wavelength at MMW frequencies, which lead to insignificant diffraction mechanisms that can be neglected in the MMW system analysis [4] , [12] . Thus, MMW channels are expected to exhibit a sparse multipath nature, instead of the rich-scattering one demonstrated in conventional microwave channels [11] . As a result, it is not possible to directly use microwave propagation models for MMW systems. An in-depth understanding of the MMW propagation characteristics is essential for the design and analysis of future MMW wireless networks.
A. Related Work
There have been some research efforts on modelling the MMW propagation channel [2] - [7] , [12] , [13] . Extensive propagation measurements have been conducted in [2] - [4] , which reveal the unique characteristics of wireless propagation at MMW bands. Motivated by these characteristics, several attempts have been done on modeling the MMW channels, including deterministic and stochastic models. Deterministic models are typically based on ray tracing simulations [7] , [14] , which aim to produce accurate results via a detailed description of propagation environments. So they are costly and time-consuming especially when a large investigation area is considered. In addition, such results would be valid only for the particular propagation setting and may not be applicable to general propagation environments.
On the other hand, the stochastic approach that characterizes the channel behaviour using the probability distribution functions of the channel parameters is becoming a popular way arXiv:1605.03702v1 [stat.AP] 12 May 2016 to develop general yet sufficiently accurate channel models. Stochastic channel models can be further classified into two approaches, which are non-geometrical [2] and geometrybased [5] , [6] . In [2] , the authors proposed a non-geometrical channel model to statistically characterize the channel parameters, such as the number of scatterers, delay spread, path loss and shadowing, without any geometric assumptions. In contrast, the geometry-based channel models in [5] , [6] were developed based on the predefined distributions of the channel parameters and distribution of effective scatterers with their geometric information such as angles of departure and arrival, and delay. All the parameters in [2] , [5] , [6] were obtained from an extensive set of channel measurements. However, parameterization of these models are currently lacking because of the limited MMW channel measurement data.
The geometry-based stochastic approach has also been adopted in analytical channel models [15] - [17] . Specifically, the authors in [15] modeled all the buildings in an urban area as random lattices with a constant occupancy probability, which refers to the probability that a lattice area is occupied by a building. A closed-form expression for the propagation depth, i.e., the probability that a ray undergoes the successive reflection steps at a certain level of lattices, has been proposed based on the assumption that the ray enters the lattice area at a prescribed incident angle. In [16] , the lattice environment in [15] was extended by removing the restriction of the incident angle. Such a refinement was achieved by assuming that the transmitter was placed inside the lattice. With such a system model, the authors considered the possibility of the successive reflections at all propagation angles. However, the existing models in [15] , [16] have been mostly designed for the rich scattering environment, which will not be valid for the sparse MMW channels.
More recently, the authors in [17] proposed a stochastic geometry approach for modeling the outdoor MMW propagation environment, where the locations of the buildings are assumed to follow a Poisson Point Process (PPP) and the shapes of the buildings are modeled as random rectangles. A distancedependent probability of a line-of-sight (LoS) link has been proposed and used in the network-level performance analysis. In [18] , the authors proposed a simplified LoS probability, which is characterized by the average fraction of LoS area around the point under consideration. The works in [17] , [18] mainly focused on the blockage effects of buildings without considering their contributions on multipath components. However, as verified by the channel measurements in [19] , the reflection paths generated by buildings can also provide a non-negligible multipath propagation, which highlights the importance of considering the reflection paths in MMW channel modeling. So far, there has been only a few discussions regarding the reflection paths for MMW channels, including [2] , [7] , [20] , [21] . The common limitation of these works is that the randomness of the locations, sizes and orientations of buildings were not explicitly incorporated, making these models not applicable to general environments. To the best knowledge of the authors, an analytical characterization of multipath components incorporating the MMW features and the randomness of the propagation environment has not yet been developed.
B. Contributions
In this paper, we develop a stochastic MMW channel model by considering all the first-order reflection components 1 of MMW signals in an urban area. The urban area is modeled based on the stochastic geometry approach similar to the one in [17] . On the basis of the proposed propagation environment model, we derive a closed-form expression for the power delay profile (PDP) contributed by all the first-order reflection paths, which gives the intensity of the energy at the receiver relative to the propagation delay. Then, based on the PDP, we analyze the average path loss and the number of the first-order reflection paths under various channel parameter settings. Our analytical results show that the richness of the first-order reflection paths relies on the propagation environments such as the sizes and density of buildings. The contribution of the firstorder reflection paths is comparable to the LoS path, especially in dense building areas. Meanwhile, in sparse building environments, the contribution of the first-order reflection paths generated by small buildings is higher than those produced by large buildings. Our findings in this paper provide useful insights into the MMW propagation channels which can be utilized in the system performance analysis. This paper is organized as follows. The system model is introduced in Section II. In Section III, we present the analytical derivation of the closed-form expression for the PDP contributed by all the first-order reflection paths. Section IV provides extensive discussions of our observations and the comparison between the derived formula and the numerical simulations. Final comments and conclusion are drawn in Section V.
II. SYSTEM MODEL
Consider an MMW communication link with a separation distance D between the transmitter Tx and receiver Rx, both of which are equipped with a singe omnidirectional antenna with unit gain 2 . As illustrated in Fig. 1 , the transmitter and receiver are located at (−D/2, 0) and (D/2, 0), respectively, and the communication link is surrounded by buildings that are randomly distributed in the communication area. For simplicity, we ignore the heights of all buildings and so a twodimensional coordinate system as used in Fig. 1 is sufficient to describe the system. In addition, the following assumptions are made for all the buildings throughout this paper.
1 Since higher-order reflections in MMW systems suffer from more severe path losses and attenuation, one would expect that the power contributed by these reflections is insignificant and can be neglected. Hence it is reasonable to mainly focus on the first-order reflection paths in the analysis as these paths provide the strongest received power among all the reflection components [22] . A similar treatment has also been adopted in [22] - [24] . 2 Although large antenna arrays are typically equipped in practical MMW cellular systems, we only consider a single omnidirectional antenna system here to provide an antenna-independent channel model, which is desirable for the purpose of system analysis. A similar treatment has also been adopted in [5] , [17] , [21] . One would obtain the PDP with directional antenna by computing the convolution of the PDP with omni-directional antenna and the antenna geometries. 1) Each building is of a rectangular shape specified by its center location C, length l, width w and orientation θ, where θ is defined as the anti-clockwise angle between the x-axis and the l-side of the building as shown in Fig. 1 . 2) All the building centers {C} form a homogeneous PPP with density λ.
3) The lengths and widths of all buildings follow, respectively, independent and identical distributions f L (l) and f W (w). 4) In each channel realization, the orientations of all buildings are the same, following a uniform distribution 3 over (0, π].
5) The surfaces of all buildings are sufficiently smooth such that all the non-LoS (NLoS) paths follow the specular reflection law and the diffraction paths are negligible as this propagation mechanism contributes to insignificant signal strength at MMW bands [4] , [12] . In this paper, our main focus is on the characterization of the channel PDP contributed by all the first-order reflection paths.
III. POWER DELAY PROFILE CHARACTERIZATION

A. Derivation of PDP
In the above-considered system, the signal emitted from the transmitter may arrive at the receiver via multiple propagation paths. Besides a direct LoS path, any building in the communication area may potentially generate a reflection path, depending on its location and orientation. Meanwhile, each potential reflection path may also be blocked by some other buildings. Denote by L r the propagation distance of a firstorder reflection path, which corresponds to a propagation delay of τ = L r /c with c being the speed of light. The path loss along a reflection path with propagation delay τ is obtained by the Friss free space equation as [25] 
where λ f = c/f is the signal wavelength corresponding to the operating frequency f , and σ denotes the mean value of the reflection loss. The reflection loss needs to be considered here because in reality, when a signal is reflected, there must be some power loss due to the absorption by the medium. Note that in principle the value of the reflection loss depends on the incident angle, the properties of the building material, (i.e., the dielectric constant and the conductivity), the polarization of the incident wave, and the carrier frequency. However, taking all these effects into consideration will significantly complicate the analysis. For simplicity, in this paper we use a constant mean value of the reflection loss σ and leave the detailed treatment of the reflection loss for future work. The mean value of σ is determined by exploiting the empirical model as in [26] , [27] . A similar treatment has also been adopted in [20] , [24] , [28] .
Denote by E(N RF |τ 1 ≤ τ ≤ τ 2 ) the average number of the first-order reflection paths whose delays are between τ 1 and τ 2 . The density of the first-order reflection paths with time delay τ can be obtained by
Then the average path loss of all the first-order reflection paths with a specific common propagation delay τ can be modeled as
In this paper, we will derive an analytical expression for f SR (τ ) by considering the random locations, sizes, and orientations of buildings, as detailed below. In real communication environments, a first-order reflection path with delay τ may be generated by a building with an arbitrary orientation θ. Thus, we can express the function f SR (τ ) as
where f SR (τ |θ) is the density of the first-order reflection paths with time delay τ when the building orientation is θ, and f θ (θ) is the probability density function (pdf) of orientation θ. From assumption 4, we have f θ (θ) = 1/π. Given the positions of the transmitter and receiver, a firstorder reflection path can be completely determined by its reflection point. Since all the first-order reflection components with the same delay τ have the same path length L r , their reflection points can be elegantly characterized by using an ellipse model as depicted in Fig. 2 . The foci of this ellipse are chosen to be, respectively, the transmitter Tx and receiver Rx located at (−D/2, 0) and (D/2, 0). Then the reflection points corresponding to the first-order reflection paths with the same delay τ all lie on this ellipse with proper major radius m and minor radius n, as illustrated in Fig. 2 . Based on this ellipse model, we can readily conclude that, for a given value of building orientation θ, there are four possible locations of reflection points on the ellipse, which are denoted by R 1 , R 2 , R 3 and R 4 in Fig. 2 , respectively. Consequently, we have four exclusive events of the first-order reflection paths with given τ and θ. Thus the function f SR (τ |θ) in (4) can be rewritten as
where f SRi (τ |θ) is the counterpart of f SR (τ |θ) contributed by the event when the reflection point is located at R i . Note that since the derivations of these four terms in (5) are very similar to each other, our subsequent discussion will be mainly focused on the first term, f SR1 (τ |θ). In addition, we assume θ ∈ (π/2, π] in what follows, as the related derivations, though the same as those for the case of θ ∈ (0, π/2], involve slightly different notations.
Intuitively, a first-order reflection path that contributes to f SR1 (τ |θ) can be guaranteed if and only if the following two independent sub-events hold simultaneously: (a) there is a building with a proper location to generate such a firstorder reflection path with its reflection point located at R 1 , and (b) this reflection path is not blocked by any other buildings. Mathematically, we can further decompose the function f SR1 (τ |θ) as
where f RF1 (τ |θ) is the density of sub-event (a) and f N B1 (τ |θ) refers to the probability of sub-event (b). The detailed derivations of them are presented in, respectively, subsections B and C below.
B. Derivation of f RF1 (τ |θ)
To facilitate the derivation of f RF1 (τ |θ) in (6), we exploit the ellipse model as in Fig. 3 (a) to describe the coordinates of the reflection point R 1 , denoted by (x, y). Mathematically we have
where m and n are, respectively, the major radius and minor radius of the considered ellipse. Given the coordinates of the two foci, i.e., (−D/2, 0) and (D/2, 0), and the fact that the sum of the distances between any point on the ellipse and its two foci is the same and equals to L r = cτ , we have
and
Recalling the assumption that θ ∈ (π/2, π], we can see that the tangent line of the ellipse across point R 1 is coincident with the l-side wall of the building that generates this first-order reflection path. Denote by ϕ the angle between the x-axis and this tangent line and recall that θ represents the orientation of all buildings. From Fig. 3 (a), we can express the slope of this tangent line by implicitly differentiating (7) with respect to x as
or equivalently
Combining (7), (8), (9) and (11), we can write the coordinates of point R 1 as
Now, let us assume that the above-considered reflection path is generated by a building specified by the quadruple (C, l, w, θ). As illustrated in Fig. 3(a) , the reflection point R 1 may be at any point on the l-side wall of this building. As a consequence, the center of the building C may also have numerous possible locations, and all these locations form a line segment F I, where the two end points F and I correspond to the critical cases when R 1 falls on the two corners of the building.
In practice, the probability of the sub-event that there is a building capable of generating a first-order reflection path with its reflection point located at a specific point, e.g., R 1 , is always zero. Therefore, in (6), we have defined f RF1 (τ |θ) as the density, instead of the probability, of such a sub-event.
To derive the expression of f RF1 (τ |θ), we need to introduce a neighbourhood of R 1 , which is denoted by N R1 . Consider the following event E 1 : conditioned on that all buildings have orientation θ, there is at least one 4 properly located building that is capable of generating a first-order reflection path. Denote by P(E 1 |N R1 ) the probability of such a reflection path with its reflection point falling within the neighbourhood of R 1 , N R1 . Then we can express f RF1 (τ |θ) as
where |N R1 | is the measure of N R1 . In this paper, we choose N R1 to be the trajectory of R 1 when the path length varies from cτ to c(τ + ∆τ ). Therefore, we have
It can be expected that, as the path length increases from cτ to c(τ + ∆τ ), the reflection point R 1 will gradually move outwards to another position denoted by R 1 in Fig. 3(b) . Consequently, the line segment F I will also gradually move outwards to another line segment denoted by F I in Fig. 3(c) .
In other words, P(E 1 |N R1 ) in (14) is equal to the probability of the event that the center of the building falls in the region swept by the line segment F I during the movement. Note that this area may not be of a regular parallelogram shape, as the trajectory of the reflection point from R 1 to R 1 may not be a straightforward line segment. However, when ∆τ → 0, we can asymptotically regard the trajectory of R 1 R 1 as a line segment, and in turn regard the region F F I I as a parallelogram, whose area is calculated in the following lemma.
Lemma 1. When ∆τ is sufficiently small, the area of the parallelogram F F I I illustrated in Fig. 3(c) , which is denoted by S F F I I , is given by
The detailed derivation of (16) can be found in Appendix A. Next, let Φ(l, w) be a point process for the centers of buildings with the same length l and width w. Since Φ(l, w) is a subset of the point process of the centers of all buildings {C}, it is thus a PPP with density λ l,w = λf L (l)dlf W (w)dw [17] . Denote by K RF1 (l, w) the number of buildings falling in S F F I I with their centers belonging to Φ(l, w). Consequently,
Note that K RF1 (l, w) is an independent Poisson random variable for different values of l and w. Thus, by the superposition property of Poisson random variables [29] , the total number of buildings falling within
The expectation of K RF1 is given by
Finally, on the basis of (18) and by recalling the definition of f RF1 (τ |θ) in (14), we have the following theorem.
Theorem 1. The density of the sub-event that there is a building with orientation θ to generate a first-order reflection path with delay τ and its reflection point located at R 1 , is given by
The proof of Theorem 1 can be found in Appendix B.
C. Derivation of f N B1 (τ |θ)
Next, let us move our focus to the derivation of f N B1 (τ |θ) in (6) . Suppose that there is a properly located building that can potentially generate a first-order reflection path with its reflection point being at R 1 . As illustrated in Fig. 4 , this potential reflection path consists of two line segments, i.e., TxR 1 and R 1 Rx. It is therefore easy to see that this reflection path can practically exist only if neither of the two line segments, TxR 1 and R 1 Rx, is blocked by other buildings. Following a similar argument as the blockage analysis of a LoS link in [17] , we can conclude that, the probability that the line segment TxR 1 is not blocked by buildings with length l and width w is equal to the probability that there is no such buildings whose centers lie within the region JKQT SM as illustrated in Fig. 4 . Similarly, the blockage region for the line segment R 1 Rx is the region U P QT ZW . In summary, the probability f N B1 (τ |θ) contributed by buildings with length l and width w is equal to the probability that there are no such buildings whose centers lie within the blockage region JKQT ZW U EM . This blockage region is of a non-convex and irregular shape, whose area is given in the following lemma.
Lemma 2.
A simple yet accurate approximation for the area of the blockage region JKQT ZW U EM , as illustrated in Fig. 4 , is given by
The detailed derivation of (20) can be found in Appendix C. Denote by K N B1 (l, w) the number of buildings with length l and width w whose centers fall in the blockage region JKQT ZW U EM . Again, we can see that K N B1 (l, w) is a Poisson random variable with expectation
With K N B1 (l, w) being an independent Poisson random variable for a specific value of l and w, the total number of buildings falling within the blockage region S JKQT ZW U EM is K N B1 = l,w K N B1 (l, w), whose mean value can be calculated as
Consequently, on the basis of (22), we have the following theorem.
Theorem 2. Conditioned on that all buildings have orientation θ, the probability that a first-order reflection path with propagation delay τ and reflection point located at R 1 , is not blocked by other buildings is given by
The proof of Theorem 2 is given in Appendix D.
D. Derivation of f SR (τ )
Combining the results derived in the previous two subsections, we are now ready to present the closed-form expression for f SR (τ ). Recalling the definition of a first-order reflection path in (6), we can rewrite the function f SR1 (τ |θ) by substituting (19) and (23) into (6) as
After similar derivations as those for (24), we can obtain
Therefore, we have
Note that the expression (28) is derived based on the assumption of θ ∈ (π/2, π] defined in Section III-A. For the case when θ ∈ (0, π/2], as illustrated in Fig. 2 , we can see that the angle between the x-axis and the tangent line of the ellipse across point R 1 is ϕ = θ+ π 2 . Hence following a similar derivation as (10), the slope of the tangent line across point R 1 in this case is given by
Next, to obtain the function f SR (τ |θ) for the case when θ ∈ (0, π/2], we can follow the similar derivations as those from (5) to (28) , except that we replace the expression for the slope of the tangent line in (10) with (29) and exchange the building parameter l and w. Thus, we have
where
Finally, by substituting (28) and (30) into (4), we can obtain the closed-form expression for f SR (τ ) as
The detailed derivation of (31) can be found in Appendix E.
E. PDP and Average Number of the First-Order Reflection Paths
We now return to the PDP contributed by all the first-order reflection paths as defined in (3). Substituting (31) into (3), we have
In brief, the values of ζ 1 , ζ 2 , β 1 and β 2 in (32) all depend on the average dimensions of the buildings E[l] and E[w], and the density of the buildings λ. Thus we can conclude that the behavior of PDP contributed by all the first order reflection paths varies with these environment parameters. We will further discuss the effect of these parameters in the next section. Note that, although the resultant expression (32) is a bit complicated, it is much more efficient to be used for analyzing the PDP compared to numerical simulations. Therefore, the derived expression can effectively facilitate the system modeling and greatly reduce the time for numerical simulations, which is the key contribution of our work.
On top of (32), we can obtain the total path loss of a link by combining the average path loss of a LoS component and the average path loss of the first-order reflection paths, which are denoted by E[P LoS ] and E[P Ref ], respectively. The total path loss of a link is given by In (33), the average path loss of the LoS component is given by [17] 
and the average path loss of the first-order reflection paths can be obtained by
In (35), τ 0 is the minimum propagation delay of all the first-order reflection paths, which is lower bounded by the propagation delay of the LoS path, i.e., we can set τ 0 = D/c. Similarly, τ max is the maximum propagation delay of all firstorder reflection paths, which should be set as τ max = +∞ theoretically. As a by-product, the average number of the first-order reflection paths, which is denoted by E[f SR ], can be derived from (31) as
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we will present some numerical examples to validate the accuracy of the proposed analytical model and discuss the impact of environment features, e.g., building dimensions and density, on the PDP and the average number of the first-order reflection paths.
A. Validation of the Blockage Area Approximation (20)
First, let us verify the accuracy of the blockage area approximation in (20) . In After comparison, we observe that the approximation involved in (20) is very accurate for small values of the path length L r in the whole interval θ ∈ (0, π]. Though the gap between the exact and approximation curves becomes visible as the value of L r increases, we observe that by using (20), we will underestimate the blockage area when the value of θ is close to 0 or π, and overestimate the blockage area when the value of θ is close to π/2. Recall from (4) that the function f SR (τ ) involves the integration with respect to θ from 0 to π. Intuitively, after performing the integration, we can expect that the overestimated and underestimated areas will cancel each other to a certain extent and reduce the approximation error. We will further verify the accuracy of this approximation in the next subsection.
B. Effects of Environment Parameters on PDP
We now set about validating our analytical results and discussing the effect of environment features on the PDP contributed by all the first-order reflection paths. We consider a point-to-point link with distance D = 100 m and operating frequency f = 73 GHz. Both the transmitter and receiver are equipped with a single omnidirectional antenna with unit gain. Such a link is surrounded by randomly distributed and identically orientated buildings. The lengths and widths of the buildings are uniformly distributed in certain intervals. The center locations of all the buildings in this area form a homogeneous PPP with density λ. For the ease of subsequent discussions, we denote Φ as the fraction of land covered by buildings in the investigated area, i.e., Φ = 1 − exp(−λE[l]E[w]) [17] , which we refer to as the covered ratio.
Given the detailed parameter setting in the above system, the PDP contributed by all the first-order reflection paths can be analytically obtained by (32) . Besides, we also provide the simulation results of the PDP contributed by all the firstorder reflection paths in the following way. We consider a square area 5 of 500 × 500 m 2 as illustrated in Fig. 6 , where the transmitter and receiver are located at (200m, 250m) and (300m, 250m), respectively. In each channel realization, we first randomly generate buildings within this square area based on the given building parameters. Then we follow the raytracing principle and the law of reflection to check if every single side wall of each building is able to generate a firstorder reflection path between the transmitter and receiver. The blockage status of the potential first-order reflection paths is then further verified. We set the reflection loss σ = 3 dB. Each first-order reflection path is specified by its time delay, and the corresponding path loss can be calculated consequently. After simulating a sufficiently large number of channel realizations, we sort all the collected first-order reflection paths by their time delays and classify them into pre-partitioned time delay intervals. Finally, the sum path loss of all the first-order reflection paths in each interval is divided by the product of the interval width and the total number of channel realizations. The resultant ratios are referred to as the simulated PDP contributed by all the first-order reflection paths. Fig. 7(c) , which represent small, medium and large sizes of buildings, respectively. From these figures 6 , we can make the following observations.
• The analytical PDP derived in (32) is numerically very accurate in all scenarios, which indicates that the error incurred by the blockage area approximation in (20) is negligible. Note that the calculation of equation (32) only takes less than a second, whereas the time of obtaining those simulation curves in Fig. 7 is measured in days. Therefore, though the expression in equation (32) looks complex, it provides a very efficient way to analyze the PDP.
• Given the distributions of building dimensions, there exists the most preferable value of covered ratio between 0 to 1 that leads to the maximum PDP curve. This is straightforward as in one extreme of Φ = 0, there is no building to generate reflections, whereas in another extreme of Φ = 1, the land is all covered by buildings and so all potential reflection paths will be blocked. 5 An infinite area should be considered here theoretically, but this is impossible in simulations. However, we argue that only considering such a finite square area is sufficient, as the PDP is mainly contributed by short reflection paths and the received power through those long reflection paths is very insignificant after much severer propagation loss. We have numerically verified this via varying the size of this square area. 6 Note that the simulated PDP for the case of Φ = 0.4 is not presented in Fig. 7(a) , because the related simulation is measured in months and very time-consuming. Therefore, the value of Φ that leads to the maximum PDP curve must fall between 0 and 1.
• The most preferable value of Φ increases with the sizes of buildings, i.e., the length and width. For example, with small buildings in Fig. 7(a) , the PDP curve for Φ = 0.05 is the highest among the three PDP curves. As the building sizes increase, in Fig. 7(b) and Fig. 7(c) , the highest ones are achieved when Φ = 0.2 and 0.4, respectively. Thus we can have this observation qualitatively.
• The PDP curves decrease faster with the time delay τ when the building size is smaller or the covered ratio is larger. For example, by comparing the PDP curves for the case of Φ = 0.05 in all subfigures, it is seen that the slope of the PDP curve in Fig. 7(a) , i.e., for small buildings, is sharper than the other PDP curves. In addition, it is also seen from Fig. 7(a) that the PDP curve for Φ = 0.4 has the sharpest slope among other PDP curves. This is because the existence of dense buildings in small dimensions will significantly increase the blockage probability of the first-order reflection paths. Next, we compare the average path loss contributed by the first-order reflection paths in (35) with the average path loss contributed by the LoS path in (34). We use the same system setting and building parameters as in Fig. 7 . Thus, we have the lower bound of the time delay in (35) τ 0 = D/c = 0.33µs. To facilitate the numerical integration in (35), we set the upper bound in (35) to be a sufficiently large but finite value 7 . Fig. 8 plots the average path loss contributed by the first-order reflection paths and LoS path as functions of covered ratio Φ. From this figure, we can make the following observations.
• Different from the monotonously decreasing LoS curves, the average path loss contributed by the first-order reflection paths exhibits as a concave function of the covered ratio. The optimal scenario that leads to the minimum absolute value of the average path loss occurs when Φ is between 0 and 1.
• In systems with Φ higher than this optimal scenario, the average path loss contributed by all the first-order reflection paths becomes comparable with that contributed by the LoS path, indicating that the reflection paths are not ignorable in these cases.
• The value of Φ corresponding to this optimal scenario increases as the size of buildings increases. For example, it is seen from Fig. 8 that the most preferable value of covered ratio for the small, medium and large buildings, are respectively around, Φ = 0.05, Φ = 0.2 and Φ = 0.4. Then, in Fig. 9 , we plot the total path loss, the average path loss of the LoS and the average path loss of the first-order reflection paths, which are respectively obtained by (33) , (34) and (35) • In the system with a low value of Φ, the total path loss is dominated by the contribution of the LoS path, especially at the short Tx-Rx distance.
• Given the average sizes of buildings, there exist an optimum value of D at which both the LoS and the firstorder reflection paths contribute to the same average path loss.
• The value of the optimal D decreases as the covered ratio Φ increases. From Fig. 9 , it is seen that the values of the optimal D for the covered ratio Φ = 0.05 and Φ = 0.4, are respectively, 390 m and 30 m. The same observations are found for the cases of medium and large sizes of buildings. 
V. CONCLUSION
In this paper, we have developed a stochastic channel model for point-to-point MMW systems in outdoor environments. Our channel model incorporates the environment features to capture the effects of the first-order reflection paths generated by randomly distributed buildings. We developed an approximate but accurate closed-form expression for the PDP contributed by all the first-order reflection paths and derived a semi-analytical expression for the average number of the firstorder reflection paths. Numerical results demonstrated that these approximate expressions are very tight under all the considered system settings. Our results illustrate that wireless networks may benefit from buildings in the area of MMW communication links, since the external surfaces of these buildings render reflection paths that can provide a comparable signal power to that of the LoS path. Our results also reveal that there exists an optimal system setting that can contribute to the maximum power of the first-order reflection paths. The findings in this paper can provide useful insights to develop more complex channel models applicable to future MMW systems. APPENDIX A. Derivation of (16) To formulate S F F I I in (16), let us return to (15) . After similar derivations as those for (12) and (13), except that we replace τ with τ +∆τ , we have the coordinates of the reflection point R 1 , denoted by (x , y ), as
Note that the second equalities of (37) and (38) are obtained by ignoring all terms that contain ∆τ 2 . Next, we obtain the vector and magnitude of the line segment F F , which corresponds to the line segment RR as illustrated in Fig. 3(c) as, respectively,
Meanwhile, the vector and magnitude of the line segment F I are given as
Denote by ψ the angle between line segments F F and F I, where we have
Mathematically, the area of the parallelogram F F I I is given as
Finally, by substituting (40), (42), (43) into (44), we have the expression for S F F I I as written in (16) .
B. Proof of Theorem 1
The first-order reflection path with its reflection point at R 1 will occur when there is at least one building whose center falls within the F F I I region. Thus we have
Substituting (15) and (45) into (14), we have
Finally, using the L'Hospital rule [33] , we can rewrite (47) as
which completes the proof.
C. Derivation of (20) From Fig. 4 , the area of the blockage region JKQT ZW U EM can be express as
where each term on the right hand-side is interpreted individually as follows. Specifically, the region JKQT SM consists of two right-angled triangles JKM and QT S, and a parallelogram KQSM with height denoted by h 1 and base |TxR 1 |, which is the length of the line segment TxR 1 . This area is given by
Let us first return to Fig. 4 and introduce some notations to facilitate the derivation of h 1 . Denote by γ 1 the angle between the l-side wall of building and the line segment TxR 1 . As 8 For a Poisson distributed random variable x with expectation E[x], we
n! [32] . illustrated in Fig. 4 , the value of h 1 can be obtained by the trigonometric formula as
where φ 1 is the angle between the l-side wall of building and the line segment KM and φ 1 = γ 1 . Then, by using the trigonometric identity, we have
Next, let us derive the expression for sin γ 1 and cos γ 1 . Denote by θ a the angle between the x-axis and the line segment TxR 1 as illustrated in Fig. 4 . The slope of the line segment TxR 1 is given by
By recalling the definition of θ in assumption 4, we have
Applying the trigonometric function on both sides of (54), we have
Then, substituting (10) and (53) into (55), we obtain
From (57) and by using some trigonometric identities, we can express the simplified sin γ 1 and cos γ 1 as, respectively,
Finally, by substituting (58) and (59) into (52), we obtain
Similarly, the region U P QT ZW is the combined area of two right-angled triangles P QT and U ZW , and a parallelogram U P T Z with height denoted by h 2 and base |R 1 Rx|, which is the length of the line segment R 1 Rx. This area is given by
where after the similar derivation as (60), we have h 2 = h 1 . Meanwhile, the region P QT S is a rectangle, whose area can be calculated as S P QT S = lw.
Next, we calculate the area of the region P SE. Intuitively, it can be seen that the area and shape of this region depend on the building orientation θ. In one extreme case when θ = π/2, this region is of a rectangle shape whose area is given by
In the other extreme case when θ = π, the shape of the region P SE is a triangle, which is given by
where t is the height of the triangle. Note that ∠EP S in Fig. 4 is equal to γ 1 . Thus we have
From (56), for the case of θ = π, we have
Substituting (65) and (66) into (64), we have
Meanwhile, for the general case of π/2 < θ < π, the region P SE is a trapezium. Though we can analytically derive the exact area of such a region as a function of θ, we find that the resultant expression is much complicated, which makes the subsequent derivation very complex. Thus, we present an approximate but sufficiently accurate expression for the area of the region P SE by only taking average between the aforementioned two extreme cases, i.e.,
Finally, by substituting (50), (61), (62) and (68) into (49), we obtain the area of the blockage region JKQT ZW U EM as S JKQT ZW U EM ≈ (|TxR 1 | + |R 1 Rx|)h 1 + lw
where the equality (a) holds because the total length of |TxR 1 | and |R 1 Rx| is equal to the path length of the considered first-order reflection path L r = cτ . This completes the proof.
D. Proof of Theorem 2
Since the first-order reflection path will occur when there is no building whose center falls within the blockage region JKQT ZW U EM , we have
Substituting (22) into (70), we can directly obtain the f N B1 (τ |θ) as in the Theorem 2.
E. Derivation of (31)
We first substitute (28) and (30) into (4) 
We notice that when the value of ϕ in the first term on the right hand side of (71) is ϕ = π − θ, the resulting f SR (τ |θ) and the f SR (τ |θ) in the second term on the right hand side of (71) 
Next, we let a = cτ /D. For simplicity, we perform an approximation of |cos θ| in the exponential function of (72). The approximation expression can be written as
Therefore, by replacing (73) 
Finally, substituting (75), (76) and (77) into (74), we obtain the closed-form approximation for the f SR (τ ) as in (31) .
